Reward-seeking actions can be guided by external cues that signal reward availability. For instance, when confronted with a stimulus that signals sugar, rats will prefer an action that produces sugar over a second action that produces grain pellets. Action selection is also sensitive to changes in the incentive value of potential rewards. Thus, rats that have been prefed a large meal of sucrose will prefer a grain-seeking action to a sucrose-seeking action. The current study investigated the dependence of these different aspects of action selection on cholinergic transmission. Hungry rats were given differential training with two unique stimulus-outcome (S1-O1 and S2-O2) and action-outcome (A1-O1 and A2-O2) contingencies during separate training phases. Rats were then given a series of Pavlovian-toinstrumental transfer tests, an assay of cue-triggered responding. Before each test, rats were injected with scopolamine (0, 0.03, or 0.1 mg/kg, intraperitoneally), a muscarinic receptor antagonist, or mecamylamine (0, 0.75, or 2.25 mg/kg, intraperitoneally), a nicotinic receptor antagonist. Although the reward-paired cues were capable of biasing action selection when rats were tested off-drug, both anticholinergic treatments were effective in disrupting this effect. During a subsequent round of outcome devaluation testing-used to assess the sensitivity of action selection to a change in reward value-we found no effect of either scopolamine or mecamylamine. These results reveal that cholinergic signaling at both muscarinic and nicotinic receptors mediates action selection based on Pavlovian reward expectations, but is not critical for flexibly selecting actions using current reward values.
INTRODUCTION
Reward-paired cues have the ability to provoke and invigorate reward-seeking behavior. For instance, rats tend to increase their performance of a lever-press action that once produced food reward when non-contingently presented with a Pavlovian cue that independently signals food reward (Dickinson et al, 2000; Wassum et al, 2011) . Importantly, when rats are trained on distinct pairs of stimulus-outcome (S1-O1 and S2-O2) and action-outcome (A1-O1 and A2-O2) contingencies, these stimuli also acquire the ability to bias action selection at test, such that rats selectively increase their performance of whichever instrumental action was trained with the same outcome as the eliciting stimulus (eg, S1-A1) (Corbit and Balleine, 2005; Kruse et al, 1983) .
The influence of reward-paired cues on instrumental action selection is mediated by separate behavioral and neural processes from those underlying the selection of actions based on changes in reward value (Dickinson et al, 2000; Holland, 2004; Balleine, 2007a, 2008b; Wassum et al, 2011) . This latter aspect of action selection can be assayed through outcome devaluation testing. Typically, rats are pretrained on two distinct instrumental contingencies involving food outcomes, as described above. They are then allowed to consume freely one of the two foods until they reach a state of sensory-specific satiety. When then given a choice between the two actions, rats will tend to respond in a goal-directed manner, avoiding whichever action was trained with the devalued outcome (Balleine and Dickinson, 1998) .
Although considerable progress has been made in identifying the specific neural circuits that support these different aspects of instrumental action selection, much remains unknown about their neurochemistry. The cholinergic system is a particularly interesting target for further study. Acetylcholine acts on two main receptor types in the brain: muscarinic and nicotinic. Both families of receptors are highly expressed in brain areas implicated in instrumental learning and performance, including the striatum, prefrontal cortex, and amygdala (Goldberg et al, 2012; Leslie et al, 2013; Thiele, 2013) . Acetylcholine is also known to be involved in regulating dopamine signaling (Cachope et al, 2012; Chapman et al, 1997; Di Giovanni and Shi, 2009; Threlfell et al, 2012) , a neuromodulator that has been more directly implicated in motivated behavior and is known to underlie the response-invigorating influence of rewardpaired cues on reward-seeking behavior (Dickinson et al, 2000; Lex and Hauber, 2008; Ostlund and Maidment, 2012; Wassum et al, 2011 Wassum et al, , 2013 . While acetylcholine has been implicated in various aspects of reward-motivated behavior (Mendez et al, 2012; Pratt and Kelley, 2004; Ragozzino et al, 2009) , much remains unknown about its specific contributions to action selection.
The current study examined this issue by assessing if scopolamine (muscarinic antagonist) or mecamylamine (nicotinic antagonist) pretreatment affects action selection based on either the presentation of a reward-paired cue (using Pavlovian-to-instrumental transfer task) or a reduction in reward value (using outcome devaluation task) (see Figure 1 for schematic of experimental design).
MATERIALS AND METHODS

Subjects
Adult male Sprague-Dawley rats (n ¼ 32) were tested in two experiments (n ¼ 16 per experiment) using similar experimental procedures, varying only in drug manipulation. Rats were pair housed in a climate-controlled vivarium and tested during the light phase of a 12 : 12 h light : dark cycle. Rats were food restricted (85% free-feeding body weight) for the duration of the experiment, with ad libitum access to water. All procedures were approved by the University of California, Los Angeles Institutional Animal Care and Use Committee, and were performed in accordance with National Research Council's Guide for the Care and Use of Laboratory Animals.
Apparatus
Rats were trained in eight identical Med Associates (East Fairfield, VT) chambers, and housed within light-and sound-attenuating shells. Each chamber contained two retractable levers, located on either side of a recessed food cup, into which 45-mg grain-based food pellets (Bioserv, Frenchtown, NJ) or 20% sucrose solution (0.1 ml) could be delivered. A photo beam sensor detected head entries into the food cup. A house light (24 V, 3 W) provided illumination during all behavioral sessions. White noise (70 dB) and tone (70 dB, 2000 Hz) generators were used to deliver auditory stimuli.
Drugs
Scopolamine hydrochloride (0.03 or 0.1 mg/kg; Experiment 1) or mecamylamine hydrochloride (0.75 or 2.25 mg/kg; Experiment 2) was dissolved in sterile saline and administered by intraperitoneal injection (volume ¼ 1 ml/kg) 30 min before testing. Drug doses and injection-to-test intervals are comparable to those used in previous studies (Anagnostaras et al, 1999; Levin et al, 2000; Mendez et al, 2012; Rodgers, 1979) and were selected to minimize nonspecific motor effects.
Pavlovian Conditioning
Rats received eight once-daily sessions of Pavlovian conditioning in which each of two auditory-conditioned stimuli (CSs; tone or noise; 2 min each) was paired with a different food outcome (grain pellets or sucrose solution). The specific Pavlovian stimulus-outcome contingencies were counterbalanced, such that half of the rats were given Tone-Pellet and Noise-Sucrose pairings, and half were given ToneSucrose and Noise-Pellet pairings. Each session lasted approximately 40 min and consisted of four Tone and four Noise trials, separated by a variable interval (mean ¼ 3.125 min; range ¼ 2.25-4 min). During each stimulus, the appropriate outcome was delivered on a random time 30-s schedule, resulting in an average of four outcome deliveries per trial.
Instrumental Conditioning
Rats then received 11 days of instrumental training. Each response (left vs right lever press) was reinforced with a different outcome (pellet or sucrose). Responses were trained in separate sessions, such that rats received two sessions per day, with session order alternating over days. Action-outcome contingencies were counterbalanced with Pavlovian contingencies. Thus, half of the rats in each Pavlovian training condition were trained with Left PressPellet and Right Press-Sucrose contingencies, whereas the Figure 1 Schematic of experimental design. Hungry rats were given differential Pavlovian and instrumental conditioning before undergoing outcomespecific Pavlovian-to-instrumental transfer testing followed by outcome devaluation testing. Anticipated behavioral effects are indicated by upward and downward arrows, which reflect action-specific increases and decreases in lever press rates, respectively. Experiments 1 and 2 assessed the effects of scopolamine and mecamylamine pretreatment, respectively, in separate sets of rats. Each rat was tested with both low and high drug doses during transfer testing (order counterbalanced), whereas only the high dose was assessed during devaluation testing. Rats were also administered control (saline) tests during each round of testing, as indicated. See Materials and methods for further details. CS, conditioned stimulus; R, response; O, outcome; Sal, saline.
remaining half were trained with Left Press-Sucrose and Right Press-Pellet contingencies. Each session lasted until 30 rewards were earned or 30 min had elapsed, whichever came first. Over days, the reinforcement schedule was gradually shifted from continuous reinforcement (2 days) to increasingly more effortful random ratio (RR) schedules (3 days each with to establish robust instrumental performance.
Pavlovian-to-Instrumental Transfer Testing
Rats underwent four Pavlovian-to-instrumental transfer tests. On the day before each of the four tests, rats were given a 30-min extinction session during which both levers were extended, but no rewards were delivered. This treatment was used to suppress instrumental performance, rendering it more sensitive to the stimulatory effects of reward-paired cues (Dickinson et al, 2000) . Each test lasted 26 min and consisted of four trials (two Tone and two Noise; 2 min each), with the first trial starting 4 min into the session. Trials were presented in alteration (T-N-T-N) and were separated by a fixed 4-min interval. Both levers were continuously available during the tests, but no rewards were delivered. The effects of muscarinic and nicotinic acetylcholine receptor blockade on the expression of transfer performance were assessed by injecting rats with scopolamine (0, 0.03, or 0.1 mg/kg, Experiment 1) or mecamylamine (0, 0.75, or 2.25 mg/kg, Experiment 2), respectively, 30 min before each test. Drug type varied between subjects (and experiments), whereas drug dose varied within subjects. This was accomplished by dividing the four transfer tests into two pairs. For each pair of tests, one test was conducted after saline injection and the other was conducted after drug injection (either low or high dose). The drug dose was changed for the second pair of tests so that each rat was tested in both dose conditions. Order of injections (saline/drug vs drug/saline) was fixed across pairs of tests. This factor was counterbalanced with the order of drug dose across the rounds of testing (low/high vs high/ low) as well as with Pavlovian and instrumental training contingencies. Following each transfer test, rats were given 1 day of Pavlovian conditioning using the procedures described above. This was followed by 2-3 days of instrumental training, also using the procedures described above. Lever pressing was reinforced on an RR-10 schedule on the first day of retraining and an RR-20 schedule thereafter. One day of RR-20 training was used for the first two rounds of retraining, whereas 2 days of RR-20 training were provided during the last round of retraining to overcome the repeated extinction testing.
Outcome Devaluation Testing
Rats were then given 4 days of instrumental retraining (as described above), with the ratio schedule increasing from RR-5 (1 day), to RR-10 (1 day), to RR-20 (2 days). On the next day, they underwent the first of two outcome devaluation tests. Before each test, rats received 1 h ad libitum access to either grain pellets or sucrose solution in their home cages. This sensory-specific satiety procedure is used to reduce temporarily the incentive value of the prefed food, while preserving the value of alternative foods. Thirty minutes into the feeding period, rats were administered scopolamine (0.1 mg/kg, intraperitoneally, Experiment 1), mecamylamine (2.25 mg/kg, intraperitoneally, Experiment 2) or saline before being returned to the home cage for the remaining 30 min of prefeeding, resulting in a 30-min injection-to-test interval, as during transfer testing. They were then placed in the operant chambers for a 5-min choice extinction test in which both levers were available but produced no rewards. Rats underwent instrumental retraining (1 day of RR-5, 1 day of RR-10, and 1 day of RR-20) before undergoing a second devaluation test. Rats were sated on the same outcome before each test (half had pellets devalued and half had sucrose devalued), counterbalancing the identity of the devalued outcome with instrumental training contingencies. Each rat was given one test on saline and a second test on drug, counterbalancing test order with instrumental training contingencies and the identity of the devalued outcome.
Data Analysis
Lever presses and food cup entries were continuously monitored during all behavioral procedures and have been converted to response rates (responses per min) for ease of comparison. The data of primary interest from Experiments 1 and 2 were analyzed separately using repeated-measures ANOVAs. For transfer testing, baseline press rates during 2-min pre-CS periods were averaged across actions and trials. Press rates during CS trials were separated according to whether the action and the CS were trained with the same outcome or different outcomes. Thus, treatment (drug vs saline), dose (low vs high), and CS period (pre-CS, same, different) were included as within-subjects factors in the ANOVA. Analysis of the transfer test data also included planned simple effects analyses to characterize cue-related differences in responding in each drug condition. For outcome devaluation testing, press rates for the two actions were coded according to whether the action was trained with devalued outcome or the non-devalued outcome. Thus, treatment (drug vs saline) and devaluation (devalued vs non-devalued) were included as within-subjects factors in the ANOVA. Statistical significance was set at p ¼ 0.05 (twotailed) for all analyses.
RESULTS
Experiment 1: Effects of Scopolamine
Behavioral training. By the last Pavlovian conditioning session, rats entered the food cup at an average rate of 17.05 times per min (SEM ¼ 2.00) during CS periods (between CS onset and the first reward delivery), which was significantly greater than their entry rate during pre-CS periods (7.68 times per min, SEM ¼ 0.62) (paired t-test: t 15 ¼ 5.95, po0.001), indicating that the reward-paired cues had acquired the ability to elicit conditioned approach behavior. Rats also developed robust levels of reward-seeking behavior during instrumental conditioning, such that by the last day of training they averaged 39.04 presses per min (SEM ¼ 3.11).
Pavlovian-to-instrumental transfer test. As can be seen in Figure 2a , rats were sensitive to the outcome-selective influence of reward-paired cues, favoring whichever action was trained with the same outcome as the cue being delivered on that trial (main effect of CS period: F 1,15 ¼ 9.86, po0.001). Importantly, their responsiveness to such cues varied across tests according to whether they were pretreated with scopolamine or saline before testing, as well as the dose they received (treatment Â dose Â CS period interaction: F 2,30 ¼ 4.17, p ¼ 0.025). Planned pairwise comparisons (paired t-test) indicated that press rates were significantly elevated during the CS Same period relative to both the pre-CS period and the CS Different period for both vehicle tests (all p'so0.05). During the low-dose scopolamine test, CS Same press rates were significantly elevated from pre-CS rates (po0.05), but were only marginally different from CS Different rates (p ¼ 0.08). During the high-dose scopolamine test, however, no differences in press rates were detected across CS periods (p's40.05), indicating that this treatment prevented the cues from altering reward-seeking behavior.
As shown in Figure 2b , these reward-paired cues also increased the rate of food cup entries during the transfer test (main effect of cue period: F 1,15 ¼ 118.82, po0.001). Interestingly, and in contrast to what was observed with instrumental lever pressing, we detected no effect of scopolamine pretreatment on this conditioned approach response (no other main effects or interactions: p's40.05). Furthermore, a highly significant CS period effect was detected in all test conditions (p'so0.001; paired t-test).
Outcome devaluation test. Figure 3 shows that rats exhibited sensitivity to the outcome devaluation procedure, selectively withholding their performance of the action that was previously trained with the devalued outcome (main effect of devaluation: F 1,15 ¼ 7.65, po0.05). This sensitivity to outcome devaluation was not significantly affected by the high dose of scopolamine (no treatment effect or treatment Â devaluation interaction: p's40.05). Significant devaluation effects were detected for both saline and scopolamine tests (p'so0.05, paired t-test).
Experiment 2: Effects of Mecamylamine
Behavioral training. By the last session of Pavlovian conditioning, rats in this experiment entered the food cup at a higher rate during CS periods (16.00 times per min, SEM ¼ 1.49) than during pre-CS periods (9.53 times per min, SEM ¼ 0.86) (paired t-test: t 15 ¼ 5.83, po0.001). They also developed vigorous reward-seeking behavior during instrumental conditioning, averaging 45.33 presses per min (SEM ¼ 3.17) during the last day of training. Figure 4a shows that the tendency for reward-paired cues to influence lever pressing varied across treatment conditions (significant treatment Â CS period interaction: F 2,30 ¼ 4.03, p ¼ 0.028), indicating that mecamylamine was effective in disrupting this aspect of behavior. This disruptive effect did not depend on the dose of mecamylamine used for pretreatment (no effect of dose or any interaction involving dose; p's40.05). Although the overall main effect of CS period was marginally significant (F 1,15 ¼ 2.97, p ¼ 0.066), planned pairwise comparisons (paired t-tests) indicated that press rates were significantly elevated during the CS Same period relative to the CS Different period for both vehicle tests (p'so0.05). However, unlike in Experiment 1, press rates during CS Same did not significantly differ from pre-CS rates during vehicle tests (p's40.05), perhaps because of the slightly higher pre-CS press rates in the second experiment. Importantly, no evidence of cue-related changes in press rate were detected in either test with mecamylamine (p's40.05), confirming that nicotinic receptor blockade was also effective in abolishing the influence of Pavlovian cues on reward-seeking behavior. Figure 4b shows that mecamylamine did not affect the expression of conditioned food cup approach behavior during the transfer test. Specifically, entry rates were higher during CS periods than during pre-CS periods (main effect CS period: F 1,15 ¼ 41.74, po0.001), and were generally insensitive to drug pretreatment (no other main effects or interactions, p's40.05). Furthermore, a highly significant CS period effect was detected in all test conditions (p'so0.001; paired t-test).
Pavlovian-to-instrumental transfer test.
Outcome devaluation test. Figure 5 shows that rats were capable of selectively withholding whichever action was previously trained with the devalued outcome (main effect of devaluation: F 1,15 ¼ 7.97, po0.05), and that this sensitivity to outcome devaluation was not significantly affected by the high dose of mecamylamine (no treatment effect or treatment Â devaluation interaction, p40.05). The devaluation effect was significant for both saline and mecamylamine tests (p'so0.05; paired t-test).
DISCUSSION
We found that the influence of reward-predictive cues on reward seeking was disrupted when rats were systemically administered muscarinic or nicotinic acetylcholine receptor antagonists. Neither treatment affected baseline rates of instrumental performance nor did they have any detectable effect on conditioned behavior directed toward the food receptacle, indicating that their impact on behavior was specific to the influence of Pavlovian learning on instrumental performance. These treatments also spared rats' ability to choose adaptively between actions in response to a selective reduction in outcome value. Taken together, these findings reveal a novel behavioral function of acetylcholine signaling in the control of reward-seeking actions.
Previous studies have implicated acetylcholine in appetitive learning and behavior. For instance, acetylcholinedepleting striatal lesions have been shown to disrupt appetitive, but spare aversive, learning (Kitabatake et al, 2003) . Furthermore, both scopolamine (Sharf et al, 2006; Pratt and Kelley, 2004; Tikhonravov et al, 1997) and mecamylamine (Levin et al, 2000) tend to suppress foodreinforced lever pressing. Although such findings implicate both muscarinic and nicotinic receptors in instrumental performance, they provide little information about the nature of their contributions. It is noteworthy that in each of these studies response-contingent rewards were delivered at test. Indeed, given their observation that intra-accumbens scopolamine infusions suppress both food-reinforced lever pressing and consumption of freely available food, it was suggested that this treatment induces 'reward devaluation' (Pratt and Kelley, 2004) . However, such an interpretation does not distinguish between a possible reduction in the reward's ability to reinforce or maintain performance when delivered in a response-contingent manner vs a change in the incentive value assigned to the reward as a behavioral goal. The latter would affect the ability of the reward to motivate behavior even when performance is evaluated under extinction (ie, without response-contingent feedback about current reward values). In the current study, we found no evidence of response suppression after scopolamine or mecamylamine administration when rats were tested in extinction (at least in the absence of rewardpredictive stimuli) nor did we observe any alteration in rats' ability to adjust their performance in response to satietyinduced reward devaluation. Thus, it appears that cholinergic transmission does not have a critical part in retrieving the incentive value of behavioral goals or using previously acquired action-outcome learning to respond in a goal-directed manner. Consistent with our findings, a recent study found that disrupting cholinergic activity in the dorsomedial striatum had no effect on selecting actions based on the anticipated value of their outcomes, at least under typical conditions (Bradfield et al, 2013) . However, such treatment did impair rats' ability to encode changes in action-outcome contingencies and use these remapped associations to guide action selection (Bradfield et al, 2013) . This finding fits nicely with a distinct line of research implicating dorsomedial striatal cholinergic signaling in behavioral flexibility (Ragozzino et al, 2002) . Taken together with the current results, such findings suggest that acetylcholine's contributions to (uncued) goal-directed behavior may be limited to situations requiring discrimination between new and existing action-outcome associations.
The main finding reported here is that the excitatory influence of Pavlovian reward-paired cues on instrumental reward-seeking behavior requires activation of both muscarinic and nicotinic receptors. This is consistent with numerous reports that tonically active interneurons (TANs) in the striatum, which are believed to be cholinergic, develop a characteristic pause-rebound firing pattern in response to reward-predictive stimuli (Apicella et al, 2011; Matsumoto et al, 2001; Ravel et al, 2003) . Interestingly, task-related modulation of TAN firing appears to be more prominent during simple Pavlovian (stimulus-reward) conditioning than during cue-triggered instrumental (stimulus-response-reward) conditioning (Apicella et al, 2011) . This is noteworthy because the Pavlovian-to-instrumental transfer task used here was designed to assay the influence of purely Pavlovian cues on reward seeking.
Recent findings indicate that phasic cholingergic activity in the striatum drives local dopamine release via nicotinic receptors on axon terminals (Cachope et al, 2012; Threlfell et al, 2012) . Given dopamine's well-established involvement in the response-invigorating influence of reward-paired cues (Dickinson et al, 2000; Lex and Hauber, 2008; Ostlund and Maidment, 2012; Wassum et al, 2011 Wassum et al, , 2013 , such an interaction may be at least partially responsible for mediating the disruptive effect of mecamylamine reported here. However, this would not explain the similar disruption produced by scopolamine, given that it and other muscarinic receptor antagonists tend to facilitate dopamine signaling by blocking acetylcholine autoreceptor activity (Cachope et al, 2012; Chapman et al, 1997; Di Giovanni and Shi, 2009 ). Furthermore, we recently found that systemic dopamine receptor blockade disrupts the ability of Pavlovian reward-paired cues to invigorate reward seeking (ie, to elevate response rates over pre-cue rates) at doses that spare their ability to bias action selection based on the identity of the anticipated reward . In contrast, this outcome-specific action biasing influence of cues was markedly disrupted by cholinergic receptor blockade in the current study, suggesting that acetylcholine and dopamine make dissociable contributions to this behavioral process.
Instead, acetylcholine's contributions to cue-guided action selection may be mediated, in part, by muscarinic modulation of medium spiny neuron activity (Goldberg et al, 2012) , which is ultimately responsible for relaying striatal output to the rest of the brain. Functional inactivation studies have demonstrated that such outputspecifically from the dorsal striatum and the nucleus accumbens shell-is required for using Pavlovian reward expectations to select instrumental actions (Corbit and Balleine, 2011; Corbit and Janak, 2007) . Another potential locus is the prefrontal cortex, a region that is also known to mediate the influence of reward-paired cues on action selection (Ostlund and Balleine, 2007b) . Consistent with this possibility, reward-paired cues have been shown to elicit acetylcholine release in the frontal cortex (Inglis et al, 1994; Parikh et al, 2007) . Furthermore, cholinergic input to the prefrontal cortex is implicated in cue detection (Parikh et al, 2007) and other aspects of attention (Dalley et al, 2004) that may contribute to the cue-guided action selection task used here. The amygdala is another prime target for future studies on this topic given its strong cholinergic input and its critical involvement in the influence of Pavlovian cues on instrumental action selection (Corbit and Balleine, 2005; Ostlund and Balleine, 2008a; Prevost et al, 2012) . In addition to these possibilities, it should also be noted that our use of systemic anticholinergic treatments leaves open the possibility that these drugs acted peripherally to disrupt cue-evoked reward seeking. Nevertheless, the task-and response-specificity of the impairments produced by these drugs suggests that they were not the product of a gross disturbance in motor control, appetite, or affective state.
The findings reported here reveal a new role for cholinergic transmission in the expression of cue-triggered reward-seeking behavior. While the Pavlovian-to-instrumental transfer task-shown here to be acetylcholinedependent-was designed to study a fundamental aspect of motivated behavior under normal conditions, it may also be very useful for modeling compulsive behavior (Ostlund and Balleine, 2008b, c) . Notably, it has been shown that devaluing the reward that a Pavlovian cue signals does not disrupt that cue's ability to provoke reward seeking (Holland, 2004; Rescorla, 1994) , suggesting that such cues trigger actions through an automatic process akin to (but distinct from) that controlling the performance of stimulus-response-guided habits, rather than through more goal-directed processes (Balleine and Ostlund, 2007) . This may be particularly relevant to the study of addiction, given the role of drug-related cues in precipitating drug craving and relapse. Indeed, a recent transfer study found that Pavlovian cues associated with passive intravenous cocaine delivery have the ability to provoke cocaine seeking in rats (LeBlanc et al, 2012) . Furthermore, studies using a food-motivated version of the transfer task have shown that rats given repeated exposure to psychostimulants exhibit heightened levels of cuetriggered food seeking (Leblanc et al, 2013a; LeBlanc et al, 2013b; Saddoris et al, 2011; Wyvell and Berridge, 2001) , suggesting that these drugs cause long-lasting alterations in the neural substrates of Pavlovian incentive motivation. The current findings indicate that this behavioral influence of Pavlovian learning critically depends on cholinergic signaling through muscarinic and nicotinic receptors, suggesting that drug-induced adaptations in the cholinergic system may contribute to compulsive drug seeking by augmenting the influence of Pavlovian cues.
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